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The sea anemone Nematostella vectensis (Nv) is a leading model organism for the phylum Cnidaria,
which includes anemones, corals, jellyﬁshes and hydras. A deﬁning trait across this phylum is the
cnidocyte, an ectodermal cell type with a variety of functions including defense, prey capture and
environmental sensing. Herein, we show that the Nv-NF-kB transcription factor and its inhibitor
Nv-IkB are expressed in a subset of cnidocytes in the body column of juvenile and adult anemones. The
size and distribution of the Nv-NF-kB-positive cnidocytes suggest that they are in a subtype known as
basitrichous haplonema cnidocytes. Nv-NF-kB is primarily cytoplasmic in cnidocytes in juvenile and
adult animals, but is nuclear when ﬁrst detected in the 30-h post-fertilization embryo. Morpholino-
mediated knockdown of Nv-NF-kB expression results in greatly reduced cnidocyte formation in the
5 day-old animal. Taken together, these results indicate that NF-kB plays a key role in the development
of the phylum-speciﬁc cnidocyte cell type in Nematostella, likely by nuclear Nv-NF-kB-dependent
activation of genes required for cnidocyte development.
& 2012 Elsevier Inc. All rights reserved.Introduction
The phylum Cnidaria is an ancient lineage of primarily marine
animals comprising over 11,000 species, including sea anemones,
corals, hydras and jellyﬁshes (www.cnidtol.com, Cnidarian Tree of
Life; Steele et al., 2011). Cnidarians populate a wide range of
marine habitats including coral reefs, estuaries, and even deep
water thermal vents. The survival of corals and many sea
creatures that live in coral reefs is in peril as environmental
changes contribute to the demise of coral reefs around the world
(Weis, 2008). Thus, an understanding of the molecular basis of
cnidarian physiology and development will be important for
assessing environmental effects on cnidarian health.
One phylum-speciﬁc cell type that distinguishes Cnidaria from
other lineages is the cnidocyte (also known as the nematocyte).
There are at least 28 morphologically distinct types of cnidoctye,
and they contribute to a range of biological functions including
defense, prey capture, environmental sensing and anchoring the
animal to its substrate (Kass-Simon and Scappaticci, 2002; Mariscal
et al., 1977). The mature cnidocyte contains a collagenous capsule
(the cnida or cnidocyst) that is connected to an eversible thread.
Many cnidarians have a stinging cell subtype of cnidocyte thatll rights reserved.
ial sea water; BH, basitrichous
stdischarges venom through a harpoon-like thread in order to capture
prey or deter predators (Watson and Mariscal, 1983). Other cnido-
cytes are thought to be involved in sensing of environmental
substances, and may behave somewhat like neuronal sensory
cells (Kass-Simon and Scappaticci, 2002). Moreover, treatment of
anemones with NANA, an N-acetylated sugar derived from mucin,
enhances the ability of stinging cnidocytes to ﬁre, supporting the
idea that they are regulated by a chemosensory response (Kass-
Simon and Scappaticci, 2002; Krayesky et al., 2010; Marlow et al.,
2009; Watson et al., 2009).
Nematostella vectensis (Nv) is a small burrowing sea anemone
native to estuaries on the Atlantic coast of North America (Reitzel
et al., 2008) and is one of the leading model organisms among
cnidarians (Darling et al., 2005). In part, this prominence is due to
the ease of culturing this small (1–2 cm) anemone in laboratory
conditions (Darling et al., 2005), as well as the availability of a
complete genome sequence and substantial EST data (Putnam
et al., 2007; Sullivan et al., 2006). In N. vectensis, cnidocytes are
abundant in the tentacles and are also scattered among the
ectodermal cells of the external body column and within a limited
number of internal sites (Stephenson, 1935). Morphology, size,
distribution, and the expression of particular minicollagens
(a structural protein in the capsule) have been used to classify
N. vectensis cnidocytes into three distinct subtypes: basitrichous
haplonema, microbasic mastigophores, and spirocysts (Zenkert
et al., 2011). While the basitrichous haplonema and spirocyst
subtypes are both abundant in the head region, the basitrichous
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column and foot (Zenkert et al., 2011).
NF-kB is an inducible eukaryotic transcription factor that is
held inactive in the cytoplasm bound to an inhibitory IkB protein
(Hayden and Ghosh, 2004). Activation of cytoplasmic NF-kB
generally requires signal-induced degradation of IkB, which
enables NF-kB to enter the nucleus where it alters the expression
of target genes to bring about cellular and organismal responses.
NF-kB can be activated to enter the nucleus in response to a wide
range of physiochemical (chemicals, ultraviolet light) and biolo-
gical (pathogens, cytokines, growth factors, etc.) factors (Gilmore
and Wolenski, 2012; Oeckinghaus et al., 2011). NF-kB also plays
critical roles in immune system and organ development in a
variety of organisms ranging from protostomes to deuterosomes
(Hayden and Ghosh, 2004). For example, nuclear localization of
the Drosophila NF-kB protein Dorsal is necessary to establish
dorsal-ventral patterning in the developing ﬂy embryo (Lynch and
Roth, 2011). In mammals, NF-kB signaling is also critical for the
development of many immune cell types (Gerondakis et al.,
2006), the liver (Beg et al., 1995), and the limb bud (Bushdid
et al., 1998; Kanegae et al., 1998).
Recently, NF-kB homologs have been identiﬁed in a diverse
range of simple marine animals (sponges, anemones, and corals)
(Gauthier and Degnan, 2008; Shinzato et al., 2011; Sullivan et al.,
2007) as well as a unicellular holozoan (Sebe´-Pedro´s et al., 2011).
While several researchers have proposed a role for NF-kB in
innate immunity in these basal animals (Augustin et al., 2010;
Lange et al., 2011; Meyer et al., 2009; Miller et al., 2007; Shinzato
et al., 2011; Sullivan et al., 2007), there is no direct evidence
supporting this hypothesis, and the biological function(s) of the
NF-kB signaling pathway in these simple marine organisms is
unknown.
We previously showed that transcription factor NF-kB is
expressed in a subset of ectodermal cells in the body column of
N. vectensis (Wolenski et al., 2011b). In this report, we show that
the majority of the Nv-NF-kB-positive ectodermal cells in juvenile
and adult animals are cnidocytes. Moreover, by morpholino-
mediated knockdown, we demonstrate that NF-kB is required
for cnidocyte development in N. vectensis. These results provide
the ﬁrst description of a biological function of NF-kB in an
organism basal to arthropods.Materials and methods
Antisera
Custom antisera were prepared by OpenBiosystems (Fisher
Scientiﬁc). An afﬁnity-puriﬁed rabbit polyclonal antiserum
against a C-terminal peptide (PADFLQQGVFSTQNPSNM) of the
Nv-NF-kB protein has been described previously (Wolenski et al.,
2011b). An afﬁnity-puriﬁed guinea pig polyclonal antiserum was
prepared against a C-terminal peptide (DNVRPMLQLPESPF) of
Nv-IkB. A complete list of antisera, dilutions, and blocking buffers
used is provided in Supplemental Table 1.
Plasmid construction, cell culture and transfection
The cDNA encoding Nv-IkB (EU092641.1) was described pre-
viously (Wolenski et al., 2011b). Gene-speciﬁc primers were used
to amplify the Nv-IkB cDNA which was then subcloned into the
pcDNA3.1 (þ) (Invitrogen) expression vector. Details about the
plasmid construction are included in supplemental material.
DF-1 chicken ﬁbroblasts and human A293 cells were grown in
Dulbecco’s modiﬁed Eagle’s Medium (Invitrogen) supplemented
with 10% fetal bovine serum (Biologos), 50 U/ml penicillin, and50 mg/ml streptomycin as described previously (Sullivan et al.,
2009). Transfection of cells with expression plasmids was
performed using polyethylenimine (Polysciences, Inc.) essentially
as described previously (Sullivan et al., 2009). Brieﬂy, on the day
of transfection, cells were incubated with plasmid DNA and
polyethylenimine at a ratio of 1:6. Media was changed 24 h
post-transfection, and whole-cell lysates were prepared 24 h
later. Alternatively, if cells were used for immunoﬂuorescence,
they were passaged onto glass coverslips on the day prior to
ﬁxation.
Collection of N. vectensis embryos
The routine maintenance and mating of N. vectensis adults were
performed as previously described (Fritzenwanker and Technau,
2002; Genikhovich and Technau, 2009; Hand and Uhlinger, 1994).
Anemones were raised and spawned in bowls of 1/3 strength
artiﬁcial seawater (ASW; 12 parts per thousand). Spawned
eggs that were part of an egg mass were de-jellied and collected
essentially as described previously (Fritzenwanker and Technau,
2002).
Fixation of anemones
Anemones were prepared for ﬁxation by ﬁrst placing whole
animals in a solution of 7% (w/v) MgCl2 freshly prepared in ASW,
and then gently shaking them for 10 min on a rocker as previously
described (Wolenski et al., 2011b). After the incubation, anemones
were washed 3X with ASW. Anemones were then transferred to 1.5-
ml microcentrifuge tubes and ﬁxed in ice cold 4% (v/v) formalde-
hyde in ASW, with rocking overnight at 4 1C.
Indirect immunoﬂuorescence
Whole-mount indirect immunoﬂuorescence was performed
using unfertilized eggs, embryos (0–2 day post-fertilization),
juvenile polyps (3–14 days post-fertilization), and small adults
(less than 1 cm in size) to determine the expression patterns of
Nv-NF-kB and Nv-IkB proteins. Anemones were transferred from
the ﬁxative to 12-well plastic dishes and washed 3X with PBT (1X
PBS [pH 7.4], 0.2% [v/v] Triton X-100].
Except when anemones were stained with DAPI to detect
cnidocytes (see below), antigen retrieval was performed to
enhance staining by heating samples in urea (technique modiﬁed
from Shi et al. (1993)). Brieﬂy, anemones were transferred to glass
tubes containing 10 ml of 5% (w/v) urea that had been heated to
80 1C. The tubes were placed in a 1450-watt microwave, heated at
the lowest setting for 5 min, and the ﬁnal temperature of the
solution was not allowed to exceed 95 1C. The urea was allowed
to cool for 30 min at room temperature, anemones were trans-
ferred to a 12-well dish, and washed 4X with PBT. Anemones
were incubated overnight in blocking buffer (1X PBT, 5% [v/v]
normal goat serum [Gibco], 1% [w/v] bovine serum albumin
[Sigma]) at 4 1C.
The next day, the blocking buffer was removed and replaced
with primary antiserum (anti-Nv-NF-kB, 1:100; anti-Nv-IkB anti-
serum, 1:200) diluted in blocking buffer, and samples were
incubated with gentle shaking (80 rpm) for 1.5 h at 37 1C. The
primary antiserum was removed and samples were washed 4X
with PBT for 10 min each. Secondary antiserum was added and
samples were incubated with gentle shaking (80 rpm) for 1.5 h
at 37 1C. In a darkened environment, the samples were washed 4X
with PBT for 10 min each. Anemones were then transferred onto a
microscope slide and mounted in Vectashield HardSet mounting
medium containing DAPI (Vector Labs). Slides were imaged with
an Olympus FluoView FV10i confocal microscope. Information on
F.S. Wolenski et al. / Developmental Biology 373 (2013) 205–215 207blocking buffers and antisera dilutions is listed in Supplemental
Table 1.
Transfection and indirect immunoﬂuorescence of DF-1 cells
were performed essentially as described previously (Wolenski
et al., 2011b). Of note, however, when DF-1 cells were probed
with anti-Nv-IkB antiserum the blocking buffer was the same as
that used for whole-mount staining of anemones (see above).
DAPI staining for cnidocytes
DAPI staining for the poly-g-glutamate of cnidocytes was
performed essentially as described previously (Szczepanek et al.,
2002). Anemones were ﬁxed overnight in 4% formaldehyde
supplemented with 10 mM EDTA. Samples were then washed
three times in Tris-EDTA washing buffer (10 mM Tris, 10 mM
EDTA, 10 mM NaCl, pH 7.6), and stained with 140 mM DAPI in
Tris-EDTA for 12 min. Anemones were then washed 3X in Tris-
EDTA washing buffer and imaged immediately, because the DAPI
stain fades within 12 h. Imaging was performed with the Olym-
pus FluoView FV10i confocal microscope using a ﬁlter set to a
green emission channel (wavelength 521 nm).
When performing a double stain, immunoﬂuorescence was
performed ﬁrst, followed immediately by DAPI staining for
cnidocytes. Antigen retrieval was not performed, and all washes,
antibody solutions, and mounting media were supplemented to
10 mM EDTA to chelate Ca2þ . After the secondary antibody was
removed, anemones were washed 1X with PBT, 1X with Tris-
EDTA washing buffer, and the DAPI staining was performed as
described above. Samples were mounted on microscope slides
and imaged immediately.
In situ hybridization
Whole-mount in situ hybridizations were performed according to
a previously published protocol (Layden et al., 2010). Brieﬂy, ane-
mones were ﬁxed at either 3 or 21 days post-fertilization. The entire
1423 bp coding region of the Nv-nfkb cDNA was subcloned into
a pGEM-T Easy (Promega) vector using TA cloning following the
manufacturer’s instructions. This plasmid contained T7 and SP6 RNA
polymerase binding sites that ﬂanked the Nv-nfkb gene. An anti-
sense RNA probe was synthesized by in vitro transcription using a
Megascript T7 kit (Ambion) and a sense-strand probe was synthe-
sized using a Megascript SP6 kit. Digoxigenin-uridine (DIG-dUTP;
Roche Applied Science) was included in the transcription reaction at
the ratio of 1:2 to unlabeled dUTP. The RNA probe was diluted in
hybridization buffer to a ﬁnal concentration of 1 ng/ml. Details for the
construction of RNA probes are included in the Supplementary
information.
Anemones were incubated with the RNA probe at 63 1C for
2 days. The samples were probed with an anti-DIG-dUTP antibody
(1:3,000; Roche Applied Science) at 4 1C for 16 h. The anti-DIG-
dUTP antibody is conjugated to alkaline phosphatase, which was
detected by incubating the anemones in the BM Purple alkaline
phosphatase substrate (Roche Applied Science) for 2 h at room
temperature. Samples were transferred into 90% glycerol,
mounted onto slides, and visualized on a Zeiss AX10 microscope
using differential interference contrast (DIC) microscopy.
Preparation of whole-cell lysates and western blotting
Cell lysates were prepared from either human A293 cells or
from adult N. vectensis using AT lysis buffer as previously
described (Wolenski et al., 2011a, 2011b). Although the extraction
protocols for both are similar, one difference is that with lysates
of A293 cells, the soluble portion of the lysate was analyzed,
whereas for extracts from N. vectensis the insoluble pellet wasanalyzed. Western blotting for Nv-IkB was performed essentially
as described previously for Nv-NF-kB (Sullivan et al., 2009;
Wolenski et al., 2011b), except that the blocking buffer was
supplemented with 1% bovine serum albumin. After SDS-PAGE,
protein transfer, and probing with guinea pig anti-Nv-IkB primary
antiserum, nitrocellulose membranes were incubated with an
anti-guinea pig horseradish peroxidase-linked secondary anti-
serum, and complexes were detected with SuperSignal West Dura
Extended Duration Substrate (Pierce).
Morpholino knockdown
Knockdown of the Nv-NF-kB transcript was accomplished by
injecting fertilized N. vectensis eggs with a transcript-speciﬁc
morpholino. Injections were performed essentially as described
previously (Marlow et al., 2012). The sequences and concentra-
tions of injected morphlinos were as follows: Control, 50-CCTC-
TTACCTCAGTTACAATTTATA-30, 500 mM; Nv-NF-kB, 50-CCACTTGC-
TGTTCAGACTGTGTCAT-30, 500 mM. Morpholinos were co-injected
with ﬂuorescein-conjugated dextran. Injected eggs were placed in
the dark for 24 h, and then individual embryos were transferred to a
single well of a 96-well dish and scored for green ﬂuorescence.
Fluorescein emission faded within 48 h, and embryos were ﬁxed ﬁve
days post-fertilization. Anemones were then co-stained for Nv-NF-
kB expression and for the presence of cnidocytes, and animals were
scored based on the presence or absence of both stains. The number
of DAPI-positive cnidocytes in anemones injected with control or
Nv-NF-kB morpholinos was quantiﬁed using ImageJ 10.2 according
to a previously described method (Burgess et al., 2010).Results
Nv-NF-kB is expressed in body column cnidocytes
We have previously shown that Nv-NF-kB is expressed in a
subset of ectodermal cells, primarily in the lower body column, in
both juvenile (polyp) and adult anemones (Wolenski et al., 2011b).
We hypothesized that the Nv-NF-kB-positive cells were cnidocytes
(Wolenski et al., 2011b), based on their elongated cell shape and
because some cnidocytes have been reported to show a pattern of
staining similar to Nv-NF-kB (Marlow et al., 2009, 2012;
Szczepanek et al., 2002). Therefore, we used ﬁxation and staining
methods that would enable us to determine whether Nv-NF-kB-
positive cells also stained positive for a cnidocyte marker. Under
Ca2þ-free conditions cnidocytes can be stained with DAPI, which
binds to abundant poly-g-glutamate in the cnidocyte capsule only
in the absence of Ca2þ (Szczepanek et al., 2002). Although DAPI is
typically used as a DNA stain that ﬂuoresces in a blue channel, the
emission spectrum shifts to green when DAPI is bound to poly-g-
glutamate, permitting the discrimination of cnidocyte- and DNA-
speciﬁc labeling (Szczepanek et al., 2002).
Juvenile anemones (polyps) were co-stained for Nv-NF-kB and
for cnidocytes. Anti-Nv-NF-kB-positive cells were detected with a
Texas Red-conjugated secondary antiserum; of note, signal was
detected in the red, but not green, ﬂuorescence channel (Fig. 1A,
right). In contrast, cnidocyte staining with DAPI was detected in
the green ﬂuorescence channel (Fig. 1B, left), but not in the red
channel (Fig. 1B, right). The Nv-NF-kB ﬂuorescence was detected
in a subset of body column cells (Fig. 1C, left), whereas mature
cnidocytes were detected in both the body column and tentacles
of the anemone (Fig. 1C, middle). Merging of the images of anti-
Nv-NF-kB and DAPI staining revealed that most Nv-NF-kB-
positive cells were also DAPI-stained cnidocytes located in the
body column (Fig. 1C, right). At higher magniﬁcation, Nv-NF-kB
appeared to be localized in the cytoplasm of these cells, which
Fig. 1. Nv-NF-kB is expressed in a subset of cnidocytes in N. vectensis. (A) Whole-mount immunoﬂuorescence was performed on polyps with anti-Nv-NF-kB antiserum,
detected with Texas Red-conjugated secondary antiserum, and visualized in red (left) and green (right) ﬂuorescence channels. The white arrow indicates speciﬁc
ﬂuorescence. (B) Anemones were ﬁxed and stained under calcium-free conditions. DAPI staining of a juvenile polyp was imaged to detect green (left) and red (right)
ﬂuorescence. (C) Whole-mount immunoﬂuorescence was performed with anti-Nv-NF-kB antiserum. Nv-NF-kB (Texas Red, left panel) was detected in body column cells
but not in the tentacles. DAPI (middle panel) stained all cnidocytes. An overlapped image shows Nv-NF-kB expression in many body column cnidocytes (right panel).
(D) Higher magniﬁcation of a single cnidocyte that stains positive for Nv-NF-kB (left). The internal capsule is stained with DAPI (right). The tentacles and body column are
indicated by black bars. White bars indicate scale. (E) A total of 1,036 ﬂuorescent cells in the body column and 579 from the tentacles were counted in ﬁve anemones.
These were sorted based on staining for Texas Red (Nv-NF-kB), DAPI (cnidocytes) or both. Values are given as percentages of total ﬂuorescent cells in either the body
column (blue bars) or the tentacles (red bars). Error bars indicate Standard error. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
F.S. Wolenski et al. / Developmental Biology 373 (2013) 205–215208surrounds the mature cnidocyte capsule (Fig. 1D). Quantiﬁcation
of co-stains for Nv-NF-kB and DAPI in the body column showed
that 68% of the DAPI-stained cnidocytes were also positive forNv-NF-kB (Fig. 1E; right column, blue bar). In the tentacles only
3% of the DAPI-positive cnidocytes also stained positive for Nv-
NF-kB (Fig. 1E; right column, red bar).
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guished by size: basitrichous haplonema (BH) cnidocytes are
approximately 12 mm; microbasic mastigophores (MM) are
17–20 mm; and spirocysts (SC) are 25–30 mm (Zenkert et al.,
2011). In addition, these cnidocyte subtypes are not evenly
distributed across the animal; in particular, the BH subtype
comprises 80–90% of cnidocytes in planula larvae and juvenile
polyps and in the body columns of adult polyps, whereas the SC
subtype is prevalent only in tentacles, and the MM subtype
comprises 10–20% of cnidocytes in both the tentacles and body
column. The average length of Nv-NF-kB-positive cnidocytes was
determined to be 11.1 mm þ/0.2 mm (Supplemental Table 2).
Thus, the distribution and size of Nv-NF-kB-positive cnidocytes
indicate that they are part of the BH subtype of cnidocytes.
To address the possibility that the staining of cnidocytes with our
Nv-NF-kB antiserum was an artifact of, for example, non-speciﬁc
binding of primary or secondary antiserum to these unusual cells, we
performed two experiments. First, we performed in situ hybridiza-
tion using an anti-sense RNA probe for Nv-nfkb. The hybridized anti-
sense probe was then detected using an alkaline phosphatase-based
colorimetric assay. Staining for Nv-nfkb was observed in elongated
ectodermal cells in 3-d post-fertilization embryos (Fig. 2, left panel),
and staining of a 21-d post-fertilization animal is located primarily
in the ectoderm of the lower body column (Fig. 2, right panel). Other
anemones at the same stages showed similar staining, and no
speciﬁc staining was seen with a sense-strand Nv-nfkb probe
(Supplemental Fig. 1). Thus, the Nv-nfkb transcript is expressed in
a general pattern that is similar to the staining seen with the anti-
Nv-NF-kB antiserum. Second, we performed indirect immunoﬂuor-
escence on whole-mount polyps using a distinct primary rabbit
antiserum, namely one that recognizes the serontonin receptor 5HT,
which has also previously been shown to stain scattered ectodermal
cells in the body column of Nematostella (Marlow et al., 2009, 2012).
The staining for 5HT was clearly distinct from the staining seen with
the anti-Nv-NF-kB antiserum: (1) the morphologies of the 5HT-
positive and Nv-NF-kB-positive cells are clearly distinct (round vs.
elongated, respectively), and (2) the two cell types could easily be
distinguished when co-staining was performed using both primary
antisera and a single anti-rabbit secondary antiserum (Supplemental
Fig. 2). Thus, different primary rabbit antisera that were simulta-
neously probed with the same secondary antiserum detectedFig. 2. Nv-nfkbmRNA is expressed in scattered cells in the ectoderm of N. vectensis. An in
from Nv-nfkb cDNA. The RNA probe contained DIG-dUTP nucleotides, which were d
Phosphatase activity was visualized by cleavage of the substrate BM Purple. Staining o
polyp (right panel). Speciﬁc staining of individual ectodermal cells is indicated by red a
the 21-d anemone (tn) are as indicated. All images were taken with a Zeiss AX10 micr
legend, the reader is referred to the web version of this article.)distinct subsets of ectodermal cells. Moreover, we have previously
shown that no staining of ectodermal cells is seen using a pre-
immune rabbit serum (Wolenski et al., 2011b). Taken together, the
results in this section provide strong evidence that the cnidocyte-
speciﬁc staining seen with the anti-Nv-NF-kB antiserum is genu-
inely detecting expression of Nv-NF-kB in animals.
Nv-NF-kB expression is ﬁrst detected at 30 h post-fertilization in
developing embryos
The NF-kB pathway plays critical roles in the development of
tissue subtypes in many animals ranging from Drosophila to
vertebrates (Beg et al., 1995; Bushdid et al., 1998; Gerondakis
et al., 2006; Hayden and Ghosh, 2008; Kanegae et al., 1998; Lynch
and Roth, 2011). Therefore, we next determined when and where
Nv-NF-kB was expressed during embryonic development.
To characterize the developmental expression of Nv-NF-kB,
freshly laid eggs were fertilized, and embryos were collected at
different time points and subjected to indirect immunoﬂuorescence
with anti-Nv-NF-kB antiserum. Nv-NF-kB was not expressed in
unfertilized eggs or embryos up to 24 h post-fertilization (Fig. 3A–
D). Nv-NF-kB was ﬁrst detected in a few scattered embryonic cells
at 30 h post-fertilization (Fig. 3E). Cnidocyte-shaped cells were ﬁrst
detected at 40 h post-fertilization and were prevalent throughout
animals at later stages of development (Fig. 3F and G). Of note, the
staining of Nv-NF-kB shown in Fig. 3 required treatment with urea
(i.e., antigen retrieval for enhanced staining, see Materials and
Methods), which prevented the use of DAPI for staining of cnidocyte
capsules. Nevertheless, the results in this section establish that Nv-
NF-kB is ﬁrst expressed approximately 30 h post-fertilization, a
timing that is similar to the reported appearance of cnidocytes at
24–48 h post-fertilization (Marlow et al., 2009).
Nv-NF-kB is localized in the nucleus of 30-h post-fertilization
embryos
The subcellular localization of Nv-NF-kB in embryonic cells was
also determined. High resolution optical sections of the ectoderm
in 30-h post-fertilization embryos were imaged with confocal
microscopy. In these cross sections, Nv-NF-kB was detected in
the nuclei of cells at 30 h post-fertilization (Fig. 4A, arrows).situ hybridization was performed using anti-sense RNA that had been transcribed
etected by an anti-DIG antibody that was conjugated to alkaline phosphatase.
f a 3-d post-fertilization embryo (left panel). Staining of a 21-d post-fertilization
rrows. The oral end of each animal is indicated by an asterisk, and tentacle buds in
oscope under DIC light. (For interpretation of the references to color in this ﬁgure
Fig. 3. Nv-NF-kB expression in developing N. vectensis embryos. Eggs and embryos were taken from a single spawning event. (A)–(H) Whole-mount immunoﬂuorescence
was performed with anti-Nv-NF-kB antiserum and antigen retrieval was performed with urea to enhance staining. Nv-NF-kB (top panels) was detected with FITC-
conjugated secondary antiserum and nuclei were detected with DAPI (lower panels). Embryos were ﬁxed at various time points ranging from unfertilized eggs (A) to hours
(B)–(F) and days (G) and (H) post-fertilization. All images were taken using a FluoView FV10i confocal microscope with the same settings for FITC (green) detection. White
bars indicate scale. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
F.S. Wolenski et al. / Developmental Biology 373 (2013) 205–215210At increased magniﬁcation, individual nuclei clearly stained posi-
tive for both Nv-NF-kB and DAPI, under normal conditions in
which nuclei stained with DAPI are detected in the blue channel
(Fig. 4A; inset, arrows; Supplemental Fig. 3).
The distribution of Nv-NF-kB-positive cells was clearly limited
to the ectoderm in the 3-day post-fertilization embryo (Figs. 4B
and C). In a focal plane taken through the embryo, the ectoderm
appears as a single layer of cells that surrounds the endoderm
(Fig. 4B, ectoderm demarcated by white arrows). At higher
magniﬁcation, Nv-NF-kB was detected in the cytoplasm of these
ectodermal cells (Fig. 4C, red arrows). The cytoplasmic subcellular
localization of Nv-NF-kB at this stage is consistent with that seen
in 4 week-old polyps and adults (Wolenski et al., 2011b).
Morpholino-based knockdown of Nv-NF-kB abolishes cnidocyte
development
To determine whether Nv-NF-kB expression is required for
cnidocyte development, fertilized eggs were microinjected with a
morpholino-substituted antisense oligonucleotide (MO) speciﬁc
for Nv-NF-kB, and the expression of Nv-NF-kB and the appear-
ance of cnidocytes were assessed ﬁve days later. Microinjection of
a control MO did not appear to affect the development of Nv-NF-
kB-positive cnidocytes (Fig. 5, top). In contrast, microinjection of
the Nv-NF-kB MO abolished expression of Nv-NF-kB in 5-day
post-fertilization animals, and approximately 90% (60 of 66) of
5-day animals that developed from fertilized eggs micoinjectedwith Nv-NF-kB MO did not stain positive (by DAPI) for cnidocytes
(Fig. 5, bottom). The average number of Nv-NF-kB-positive cells,
as determined by analyzing optical cross sections of MO-injected
anemones, was much lower for anemones injected with the Nv-
NF-kB MO (1 positive cell/anemone) than for those injected with
the control MO (135 positive cells/anemone) (Supplemental
Table 3).Nv-IkB is expressed in Nv-NF-kB-positive ectodermal cells in juvenile
and adult N. vectensis
We have previously shown that Nv-IkB can directly bind and
inhibit Nv-NF-kB (Wolenski et al., 2011b). Using a newly generated
anti-Nv-IkB antiserum, we next sought to determine the expression
pattern of Nv-IkB. To demonstrate the speciﬁcity of the antiserum,
we ﬁrst used Western blotting to show that the Nv-IkB antiserum
detected a single, speciﬁc band in lysates of A293 cells transfected
with an Nv-IkB expression plasmid and in extracts from anemones,
whereas blotting with a pre-immune serum did not detect the anti-
Nv-IkB-reactive band (Fig. 6A). In addition, the anti-Nv-IkB anti-
serum readily detected over-expressed Nv-IkB in the cytoplasm of
DF-1 chicken ﬁbroblasts transfected with a pcDNA-Nv-IkB expres-
sion vector (Fig. 6B, right), whereas no staining was seen with pre-
immune serum (Fig. 6B, left). The cytoplasmic localization of Nv-IkB
in DF-1 cells is consistent with our previously published data using a
Myc-tagged Nv-IkB protein (Wolenski et al., 2011b).
Fig. 4. Nv-NF-kB is localized in the nucleus of cells in 30-h post fertilization Nematostella embryos. (A)–(C) Whole-mount immunoﬂuorescence was performed with anti-
Nv-NF-kB antiserum and antigen retrieval was performed with urea. (A) Nv-NF-kB (left panels) was detected with FITC-conjugated secondary antiserum and nuclei were
detected with DAPI (right panels). The inserts show a higher magniﬁcation of a region containing nuclear Nv-NF-kB staining. All images are cross-sections of the ectoderm
imaged with a FluoView FV10i confocal microscope. Red arrows indicate overlapping staining for Nv-NF-kB (FITC) and nuclei (DAPI). (B) A confocal cross-section showing
staining of a 3-day post-fertilization embryo. The ectoderm is demarcated as the area between the two white arrows and forms a ring around the endoderm. (C) Higher
magniﬁcation of a single cnidocyte (red arrows) that stains positive for Nv-NF-kB (left). The nucleus of the cell is located immediately under the FITC-stained cytoplasm.
White bars indicate scale. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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immunoﬂuorescence was performed with the anti-Nv-IkB anti-
serum, which was then detected with FITC-conjugated secondary
antiserum. In whole-mount staining of polyps, no signal was
detected with pre-immune serum (Fig. 6C, left), but numerous
positive ectodermal cells were detected with the anti-Nv-IkBantiserum (Fig. 6C, right). The subcellular localization of Nv-IkB
in whole-mount anemone preparations was difﬁcult to ascertain,
but it did not appear to be strictly limited to the cytoplasm or
nuclei of cells.
The anti-Nv-IkB staining of a subset of cells in the body column
ectoderm of juvenile and adult anemones is similar to that seen with
Fig. 5. Injection of Nv-NF-kBmorpholinos results in a loss of cnidocyte development. Fertilized but undivided N. vectensis eggs were microinjected with morpholinos (MO) against
a control or Nv-NF-kB transcript. Anemones were ﬁxed under calcium-free conditions, whole-mount immunoﬂuorescence was performed with anti-Nv-NF-kB antiserum, and
antigen retrieval was not performed. Injection of the control morpholino resulted in 7 of 94 anemones that did not stain for either Nv-NF-kB or for cnidocytes (top panels).
Injection of the Nv-NF-kB morpholino resulted in 60 of 66 anemones that did not stain for either NF-kB or cnidocytes (bottom panels). By a Fisher’s Exact Test (Two-tailed) the
difference in Nv-NF-kB/cnidocyte knockdown between the control and Nv-NF-kB morpholino groups is statistically signiﬁcant (Po0.0001).
Fig. 6. Nv-IkB is expressed in a subset of ectodermal cells in N. vectensis. (A) Anti-Nv-IkB Western blotting of A293 cells transfected with empty vector (lanes 1 and 4),
pcDNA-Nv-IkB (lanes 2 and 5), or of an extract from an adult Nematostella (lanes 3 and 6). The membrane was probed with either pre-immune serum (lanes 1–3) or anti-
Nv-IkB antiserum (lanes 4–6). A dotted line indicates where the membrane was cut prior to Western blotting. Nv-IkB is indicated by the arrow, and molecular mass
markers (in kDa) are indicated to the left of the ﬁgure. (B) DF-1 chicken ﬁbroblast cells were transfected with pcDNA-Nv-IkB. Indirect immunoﬂuorescence was then
performed using either pre-immune serum or anti-Nv-IkB antiserum, which was detected with FITC-conjugated secondary antiserum (upper panels). Nuclei were stained
with DAPI (lower panel). (C) Whole-mount immunoﬂuorescence was performed on polyps with pre-immune serum (left) or anti-Nv-IkB antiserum (right) and detected
with FITC-conjugated secondary antiserum. Arrows indicate regions with speciﬁcally stained individual cells. Antigen retrieval was performed with urea. White bars
indicate scale.
F.S. Wolenski et al. / Developmental Biology 373 (2013) 205–215212
Fig. 7. Nv-NF-kB and Nv-IkB have overlapping expression in a subset of ectodermal cells. Whole-mount immunoﬂuorescence was performed with anti-Nv-NF-kB and
anti-Nv-IkB antisera and antigen retrieval was performed with urea. (A) Nv-NF-kB staining was detected with Texas Red (left panels), Nv-IkB staining with FITC (middle
panels), and nuclei with DAPI (right panels). (B) An overlapped image of a whole-mount juvenile polyp shows Nv-NF-kB (left), Nv-IkB (middle) and overlapping staining
(right). Arrows indicate overlapping stain. White bars indicate scale. (C) A total of 693 ﬂuorescent cells were counted in ﬁve anemones and sorted based on staining for
Texas Red (Nv-NF-kB), FITC (Nv-IkB) or both. Values correspond to the percentage of total ﬂuorescent cells. Error bars indicate standard error. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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To determine whether individual cells express both proteins, indir-
ect immunoﬂuorescence was performed with antisera against both
Nv-NF-kB and Nv-IkB. In whole-mount staining of polyps, both
proteins were primarily detected in body column cells and were
absent from oral tissues and tentacles (Fig. 7A, black bars). In a
merged image, Nv-NF-kB and Nv-IkB staining largely overlapped in
the body column of a juvenile polyp (Fig. 7B). Quantiﬁcation of
immune-reactive cells over ﬁve anemones showed that 74% of cells
stained positive for both Nv-NF-kB and Nv-IkB (Fig. 7C; right
column). By comparison, 18% of the cells stained positive for Nv-
NF-kB only and 8% were positive for Nv-IkB only. The overlapping
expression of Nv-NF-kB and IkB combined with the overlapping
expression of Nv-NF-kB with a cnidocyte stain indicate that Nv-IkB
is expressed in this subset of cnidocytes as well.Discussion
The results in this paper indicate that NF-kB is required for the
development of cnidocytes in the body column of N. vectensis.
That is, Nv-NF-kB is expressed in cnidocytes of juvenile and adult
animals, is located in the nucleus of a subset of cells in the 30-h
post-fertilization embryo, and morpholino-mediated knockdown
of Nv-NF-kB expression results in a dramatic reduction incnidocyte staining in later animals. Taken together, these results
are consistent with the hypothesis that nuclear Nv-NF-kB in the
30-h embryo controls the expression of genes that specify the
development of cnidocytes in the anemone. The distribution of
the Nv-NF-kB-positive cnidocytes in the body column and their
size indicate that they are part of the BH subtype of cnidocytes.
The function of BH cnidocytes in N. vectensis is not well under-
stood (Zenkert et al., 2011).
Not all body column cnidocytes co-stained for Nv-NF-kB and
DAPI (Fig. 1E). We offer two explanations for the 22% of cells that
stained positive for Nv-NF-kB only: (1) these cells may be immature
cnidocytes and lack sufﬁcient poly-g-glutamate to be stained by
DAPI; and (2) the lack of double staining may be a technical issue
because DAPI staining of poly-g-glutamate is transient and diffuses
overnight. Of the remaining body column cnidocytes that stained
positive with DAPI but were negative for Nv-NF-kB, many are likely
of the MM cnidocyte subtype, which has been reported to comprise
5–22% of total cnidocytes depending on the developmental stage
(Zenkert et al., 2011).
In juvenile anemones, Nv-NF-kB is located in the cytoplasm of
a subset of cnidocytes in the body column of the animal. The
co-expression of Nv-NF-kB and Nv-IkB in this same subset of cells
(Fig. 7C), as well as the ability of Nv-IkB to retain Nv-NF-kB in the
cytoplasm when expressed in vertebrate cells (Wolenski et al.,
2011b), suggest that Nv-IkB is responsible for the cytoplasmic
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we have not yet been able to identify a treatment that can induce
nuclear localization of Nv-NF-kB and degradation of Nv-IkB in
adult animals. Thus, it is not clear whether there is a condition or
stimulus that can induce nuclear activation of Nv-NF-kB in
cnidocytes in mature animals.
In contrast to adult animals, Nv-NF-kB is constitutively nuclear
in the 30-h embryo. Whether a signal induces nuclear localization of
Nv-NF-kB in early embryonic cells (e.g., at 30 h post-fertilization) is
not known. N. vectensis does, however, have genes that appear to
encode Toll-like receptors (Miller et al., 2007; Sullivan et al., 2007),
which are required for nuclear localization of Dorsal in the Droso-
phila embryo (Ganesan et al., 2011). Alternatively, Nv-NF-kB may be
nuclear in the early embryo due to a lack of Nv-IkB expression.
Indeed, in early stages of development, we have not been able to
detect Nv-IkB-positive cells, even at time points (e.g., 30 h post-
fertilization) when Nv-NF-kB is expressed (data not shown). How-
ever, we cannot exclude that Nv-IkB is not detected because the
reactivity of the anti-Nv-IkB antiserum is too weak. Whether the
nuclear Nv-NF-kB is expressed in cells that later develop into
mature cnidocytes or the Nv-NF-kB-positive cells have an indirect
effect on cnidocyte development is not clear from our experiments.
Recently, Notch signaling was shown to be critical for the
development of both cnidocytes and neurons in N. vectensis,
suggesting that the two cell types share a common origin as
multifunctional sensory-effecter cells (Marlow et al., 2012). Treat-
ment of fertilized N. vectensis eggs with the g-secretase inhibitor
DAPT, which is an inhibitor of Notch activation, results in a decrease
in the number of cnidocytes in 3 day-old animals (Marlow et al.,
2012). In our hands, treatment of fertilized Nematostella eggs with
DAPT prevented the later development of cnidocytes and Nv-NF-kB
expression was also not detected (Supplemental Fig. 4). Thus, a
Notch-to-NF-kB pathway appears to control cnidocyte development
in Nematostella. Of note, in some vertebrate cells, DAPT can inhibit
both Notch processing (Geling et al., 2002) and its ability to activate
downstream NF-kB signaling (Monsalve et al., 2009).
Our results indicate that Nv-NF-kB contributes to cnidocyte
development in anemones. The involvement of Nv-NF-kB in a
developmental program is reminiscent of the role that the NF-kB-
like protein Dorsal plays in dorsal-ventral embryonic polarity in
Drosophila, a biological function for NF-kB that appears to be
insect-speciﬁc. However, NF-kB signaling also plays a role in
several other biological processes in Drosophila (Gilmore and
Wolenski, 2012). Thus, Nv-NF-kB may have additional biological
roles in anemones. Nevertheless, it is apparent that the role of NF-
kB in cnidocyte development in anemones is an evolutionarily
derived one, given that other basal animals (e.g., sponges) that
have NF-kB do not have cnidoctyes.Acknowledgments
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